This work aimed to study the inheritance of resistance to Phytophthora infestans in tomato plants, using the maximum likelihood estimation function. The susceptible cultivar Santa Clara (Solanum lycopersicum) was used as the female genitor and the P. infestans resistant S. habrochaites f. glabratum accession (BgH 6902) as the male genitor. F 1 plants from the crossing were self-pollinated to produce F 2 progenies, and also backcrossed with P r and P S to produce BC 1:r and BC 1:S generations, respectively. The tomato plants were inoculated 50 days after transplanting. Disease severity was evaluated via a diagrammatic scale. Comparison of the genetic models created using the maximum likelihood function revealed that the inheritance of resistance to P. infestans in S. habrochaites is conferred by a major gene with additive and dominance effects, polygenes with additive effects, plus the environmental effect. Vertical resistance can be explored using genes with major effects. Programs of recurrent and makerassisted selection are considered efficient strategies with which to select genotypes that hold P. infestans resistance conferred by polygenes.
INTRODUCTION
Tomato crops are largely recognized for their socioeconomic and nutritional importance worldwide. However, commercial tomato production is subjected to high economic and financial risk, especially considering the large number of diseases that affect tomato plants. Among these diseases, the number one concern for tomato growers is late blight, a disease caused by the foliar oomycete Phytophthora infestans (Mont.) de Bary (Duarte et al. 2007) .
Management strategies for P. infestans in tomato crops often involve the application of large amounts of fungicides. According to economists from the International Potato Center (CIP), around US$ 1 billion are spent annually to control this disease (Fiorini et al. 2010 ). However, with the emergence of more virulent isolates of the pathogen, that are resistant to existing fungicides, as well as growing concerns regarding environmental safety, the introduction of resistance genes in tomato plants seems to be the most promising pathogencontrol strategy (Park et al. 2005) .
efforts to develop cultivars resistant to P. infestans are often the main focus of most prior and current tomato breeding programs. The use of P. infestans resistant cultivars/accessions minimizes fungicide application, both reducing costs and making the pathogen management easier, not to mention being a more environmentally friendly alternative. Understanding P. infestans resistance gene inheritance mode regarding the expression of a character, therefore, plays an important role in directing breeding program activities and also in achieving genetic gains (Batista et al. 2017) .
research examining the inheritance of resistance to P. infestans in tomato plants was carried out by Abreu et al. (2008) based on the methodology of analysis of means proposed by Mather and Jinks (1984) and the minimum number of genes determining the character was estimated using the formula derived from Burton (1951) . The authors reported at least 28 genes controlling this trait, suggesting its quantitative inheritance. However, studies involving quantitative traits are very complex when multiple minor-effect genes, highly influenced by environmental conditions, are involved (Li et al. 2011 , Baldissera et al. 2014 . estimation of the number of genes controlling resistance to P. infestans made using the above methodology is considered to be of low precision, since it provides information only regarding the number of genes with dominant expression. Moreover, the methodology considers that all genes have equal effects on the phenotypic expression of the character, which may not in fact be the case (Cruz 2012). Therefore, it is necessary to use methodologies that consider the existence of genes with additive and dominant effects, and that are able to distinguish the different effects of each gene on the expression of the selected character.
The methodology proposed by Silva (2003) is an alternative designed to overcome the limitations found in existing studies of genetic inheritance. This methodology considers various hierarchical models ranging from simple models that examine only environmental effects, to more complex models that include the effects of both major genes and polygenes. The aim of the present work was to study the (hypothesized) mixed inheritance of resistance to P. infestans in tomato plants using a method based on maximum likelihood estimators (MLes) to model and estimate parameters related to major genes and polygenes.
MATERIALS AND METHODS

SITe AND FIeLD TrIALS
Trials were conducted at the Horticulture research Farm belonging to the Departamento de Fitotecnia da Universidade Federal de Viçosa (UFV), located in Viçosa, Mg, Brazil (20° 45' 14'' S; 42° 52' 53'' W; 648 .74 m altitude).
The female genitor (P S ) used in the crosses was the susceptible cultivar Santa Clara (Solanum lycopersicum), and the male genitor (P r ) was the P. infestans resistant accession BgH 6902 (S. habrochaites f. glabratum), obtained from the UFV Horticultural germplasm Bank. Both parents are known to be homozygous at all loci. F 1 plants from the crossing were selfed to produce F 2 progenies, and also backcrossed with P r and P S to produce BC 1:r and BC 1:S generations, respectively.
The Santa Clara cultivar produces oblong, bi-or tri-locular fruits of around 130 g in weight that are consumed fresh. In contrast, BgH 6902 accession is a wild tomato accession that produces small, greenish fruits with an unpleasant taste and aroma (Fiorini et al. 2010) .
Seedlings were grown in polystyrene trays of 128 cells, each containing Tropstrato substrate (Vida Verde, BRA). Transplantation to the field occurred 40 days after sowing when all seedlings showed four to five definitive and fully expanded leaves. Between-row and in-row spacing was 1.0 m x 0.6 m, respectively. Cultivation practices were performed based on crop recommendations. Plants were trellised vertically via a hanging-string system, with water provided by drip irrigation.
PrePArATION OF ISOLATeS
Two days prior inoculation, tomato leaflets containing P. infestans isolates known to cause late blight in tomatoes were harvested in three different tomato fields located at the municipalities of Coimbra, Teixeiras and Viçosa in the Zona da Mata region of the Brazilian state of Minas gerais. Immediately after harvesting, the infected leaflets were placed in plastic trays, previously disinfected with 70% alcohol and lined with moistened paper towels. The trays were then stored in plastic bags and incubated at 18ºC for 24h to promote sporulation.
INOCULATION OF ISOLATeS
Inoculation involved the use of a mixture containing equal amounts of the three isolate suspensions with concentration adjusted to 10³ sporangia per milliliter of water by counting in a hemocytometer. The inoculum suspension was then stored in a refrigerator at 4ºC for about one hour in order to induce the liberation of zoospores.
Inoculation was carried out in the afternoon using a hand-pumped backpack sprayer 50 days after field transplanting, with each plant receiving 10 ml of inoculum suspension. To ensure that the leaves were sufficiently wet, plants received water via aspersion in the afternoon three times a week.
LATe BLIgHT SYMPTOMS eVALUATION evaluation of resistance to P. infestans was performed for each of the four generations, including 20 plants of the female P S genitor (Santa Clara cultivar), 18 plants of the male P r genitor (BgH 6902), 19 F 1 hybrids, 281 F 2 genotypes, 83 BC 1:r genotypes, and 84 BC 1:S genotypes.
Leaves from each plant were scored according to the diagrammatic scale proposed by Corrêa et al. (2009) (Table I) . Late blight severity scores were recorded for each leaf, every three days, in a total of six assessments. Overall score was the mean grade value for all the leaves on each plant.
These scores were used to determine the area under the disease progress curve (AUDPC) according to the estimator given by the following expression:
Where: y i and y i+1 : percentage of lesioned leaf area observed in assessment i and in the following assessment i + 1; t i and t i+1 : time interval between assessments; n: number of assessments. STATISTICAL ANALYSIS estimates of genetic parameters were based on the analysis of means proposed by Mather and Jinks (1984) and analyzed using the genes program (Cruz 2013). Hypothesis tests related to the parameters were performed in the statistical software package Monogen version 0.1 (Silva 2003) . This procedure involved the estimation and modeling of parameters related to the effect of a major gene and polygenes, based on the maximum likelihood method. Since the P r , P S , F 1 , F 2 , BC 1:r and BC 1:S generations were evaluated, it was possible to estimate all the effects of the proposed models (Table II) . The function of maximum likelihood was used considering that the selected trait can be controlled by a major gene, with the variation observed between individuals due to the environment and minor-effect genes (Mood et al. 1974) .
Maximum likelihood tests were performed using the Likelihood ratio (Lr) method (Mood et al. 1974) as follows:
Where: L(Mi) and L(Mj) are the maximum likelihood functions of Models i and j, respectively, and Model i is hierarchical to Model j. Significance of Models was tested by Chi-square (χ²) statistic method.
RESULTS
The mean late blight severity index of the F 1 generation exceeded the parental mean, indicating the presence of heterosis towards susceptibility (Table III) . Since all F 1 individuals (heterozygous at all loci) were more susceptible than those of P S , P. infestans resistance observed in P r is likely controlled by recessive genes.
The component of environmental variance was smaller than the component of genetic variance, which means that genetic effects play a major role in phenotype manifestation (Table IV) . Broad and narrow-sense heritability estimates were calculated at 53.19 and 13.09%, respectively, indicating that the analyzed characteristic is highly influenced by the environment.
Major gene and/or polygene effects as well as the predominance of additive and dominant effects were estimated using the MLe method proposed by Silva (2003) . This methodology involves pairwise comparisons (Table V) between the complete model (Model 1 from Table II ) and each of the reduced models (Models 2 through 9). Significant results between pairwise Model comparisons indicate that the effect of the parameter present only in one of the models undergoing comparison is significant, and thus the complete model better explains the characteristic. On the other hand, a lack of significance indicates that the reduced model better explains the inheritance of resistance. The obtained results (Table V) revealed that in the tested materials, P. infestans resistance is controlled by a major gene with additive and dominant effects, polygenes with an additive effect only, plus the environmental effect. For instance, the difference between Models 1 and 2, i.e., comparing the hypothesis of the existence of a major gene with additive and dominant effects and polygenes with additive and dominant effects, with that of the existence of a major gene with additive and dominant effects and polygenes with additive effects only, was not statistically significant, indicating that the dominant effects of polygenes do not affect the control of resistance to P. infestans. In contrast, the significant difference between models 2 and 4 confirms that a major gene with dominant effects is important in controlling this trait. Similarly, significant differences were also recorded when comparing Models 2 and 7, indicating the relevance of additive effects of polygenes, Models 2 and 8, indicating the importance of major gene additive effects, and Models 2 and 9, confirming the importance of environmental effects in the control of tomato plant response to P. infestans.
DISCUSSION
A better understanding of the inheritance of resistance to P. infestans in tomato plants is extremely important to correctly guide activities in breeding programs, and hence, achieve higher gains from selection. This study used a methodology that enables studying the inheritance of resistance to P. infestans in tomato plants through the identification of major genes and polygenes effects based on maximum likelihood estimators.
Differences in the late blight severity were observed between P S and P r genitors with an amplitude of 123.04 units of AUDPC, indicating that the P r genitor used is the source of P. infestans resistance genes in the materials. The higher mean disease severity index of the F 1 generation suggests the presence of dominance towards susceptibility, making it difficult to produce hybrids resistant to P. infestans. Moreover, resistant phenotypes were observed only in homozygous individuals, which indicates that the genes responsible for resistance are recessive, reinforcing the results found by elsayed et al. (2012) . Low estimates were obtained for both broad and narrow sense heritability in crosses between S. lycopersicum and S. habrochaites to P. infestans, similar to those recorded by Abreu et al. (2008) . Low heritability is found particularly frequently in quantitative traits, typically highly influenced by environmental conditions (ramalho et al. 1993 (ramalho et al. , Abreu et al. 2008 . Therefore, it is important to evaluate the extent of the genetic and environmental variation present in the breeding populations, since the variation caused by environmental conditions is temporary and cannot be used for selection purposes (Cruz 2012). The significant differences found between Models 2 and 4, as well as between 2 and 8 suggest that the major gene responsible for resistance to P. infestans has additive and dominance effects, indicating that its inheritance is monogenic in nature. The higher mean found for the F 1 generation in relation to its parents suggests the existence of a dominance effect, which also explains the reduction in the mean of the F2 generation. According to Gravina et al. (2004) , dominance effects and genic interactions are less important to self-pollinating plants, since such effects act as perturbators in the soybean breeding programs whose purpose is to develop new plant lines. On the other hand, the presence of an additive component increases the likelihood of the resistance gene fixation in homozygous individuals from subsequent generations, providing higher gains from selection (Lobo et al. 2005) .
Additive and dominance effects of a major gene have also been observed for other traits in tomato crops through the utilization of similar maximum likelihood estimation models. gonçalves et al. (2007) determined that the inheritance of acylsugar content is controlled by a major gene with those effects, also suggesting a monogenic inheritance of this trait. The same methodology was also applied in studies involving bean and maize (rezende et al. 2004 (rezende et al. , Batista et al. 2017 , and provided wellsupported results regarding the determination of the gene effects controlling the characteristics studied therein.
The presence of a major gene indicates that resistance to P. infestans in tomato plants can be treated as a qualitative trait and therefore achieved through backcrossing. However, plants resistant to specific pathogen races due to main genes (vertical resistance) are resistant only at the beginning of the infection, a phenomenon resulting from the rapid development of more virulent isolates of the pathogen (Fry et al. 1993 , Klarfeld et al. 2009 ). Race-specific resistance to P. infestans, however, is effective when multiple resistance genes are introgressed. efforts towards gene pyramiding for race-specific resistance often results in more durable resistance, as has been observed in many plant species, including potato and tomato (Tan et al. 2010 , Kim et al. 2012 , Luo et al. 2012 .
Whereas the lack of significance in the test comparing Models 1 and 2 indicates an absence of dominance effects in the polygenes, the significance of the test between Models 2 and 7 points to the polygenes with additive effects controlling the P. infestans resistance. Such resistance conferred by polygenes can be better understood via molecular analysis, which can be used to estimate the contributions of each polygene. Those polygenes can then be introgressed into new cultivars through programs of recurrent selection. Alternatively, marker-assisted selection is another effective strategy, since it can be very useful in gene pyramiding. This process guarantees the new cultivar long-term permanence on the market as it is more difficult for the pathogen to break a resistance conferred by multiple genes (Young and Kelly 1996) .
A recent approach based on genome-wide association studies (gWAS) has been used to accelerate the rate of genetic gains in plant breeding programs. This technique aims to enhance genetic gains by a complete study of the plant genome (which is based on the identification of millions of SNP markers covering the whole genome extension) to predict genetic values of entire populations (Mosquera et al. 2016 ). Studies of this nature were recently performed for potato (Mosquera et al. 2016 (Mosquera et al. ) barley (gyawali et al. 2018 and rice (Spindel et al. 2016) . CONCLUSIONS resistance to P. infestans in tomato plants is a recessive trait, governed by a major gene with additive and dominant effects, polygenes with additive effects, plus the environmental effect.
Backcrossing can be used to introgress the major gene into tomato plants.
recurrent and marker-assisted selection programs can be used to introgress the polygenes.
